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Silicon etching nnethod 



(57) A method for etching silicon is described incoi- 
poratmg first and second steps of reactive ion etcning 
through a patterned oxide layer in respective atmos- 
pheres of HBr Cl^^ and O- and then HBr an6 in situ 
by terminating the first etching step and removing sub- 
stantially all Ci^ before continuing vwith th«=- second step 
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of etching The invention overcomes the problem of 
uneven etching of n+ and p+ silicon gates foi CMOS 
transistor logic during the step of simultaneously etch- 
ing silicon to form sub 0 25 micron gate lengths and ver- 
tical siaewalls while stopping on the gate oxide 


FIG. 1 
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Description 

Field of the Invention 

This invention relates to etching of semiconductors 
and more particularly to reactive ion etching (RIE) of sil- 
icon and other semiconductor materials to obtain verti- 
cal sidewalls such as for polysilicon gates of CMOS field 
effect transistors (FETs). 

Background of the Invention 


Current manufacturable gate stack Complementary 
Metal Oxide Silicon (CMOS) FET technology has 
achieved a minimum effective gate length of 0.35 ^im 
atop a 9 nm thick gate oxide. Denser packing require- 
ments demanded by future generations of CMOS FET 
technology will require 0.1 m»ti gate lengths on 2-3 nm 
thick oxides. Attempts to extend present CMOS FET 
technology to achieve these objectives have been 
unsatisfactory Currently in CMOS logic, both n-type 
and p-type transistors have polycrystalline silicon gates 
which are normally fabricated simultaneously by one 
reactive ion etching (RIE) step in a RIE plasma tool with 
controlled gas chemistry In current plasma etching 
tools, the n-type polycrystalline Si gate structure tends 
to etch faster than the p-type gate structure in HBr/Cls 
plasmas commonly used for CMOS FET fabrication 
Thus, n-type FETs have a shorter channel length than 
P-type FET s which is undesired. 

One example of an RIE tool for etching polysilicon 
gates of FETs is described in European Patent docu- 
ment EP 0495524 Al by K.S. Collins published July 22 
1 992. A triode etching system is used to deposit and/or 
etch numerous materials and uses a dynamic magnetic 
field to enhance the plasma density 

In US Patent 5.256,245 by D J Keller et al. which 
issued on Oct. 26, 1993, a chamber cleaning method is 
described enabling the use of a single etch chamber to 
etch both the dielectric hard mask and the underlying 
polysilicon film A gas mix is used to remove oxide resi- 
due from the chamber walls that could cause black sili- 
con. The oxygen scavenging gasses are C2F6, CF4, 
CHF3. and BC13 are used in the plasma to liberate oxy- 
gen produced during the dielectric etch to produce an 
inert volatile gas which can be pumped from the cham- 
ber. 

In US Patent 5.242,536 by P Schoenborn which 
issued on Sept. 7, 1993, an anisotropic etch process is 
described for doped and undoped polysilicon films used 
in gate technology with gate oxide thicknesses of 20 nm 
and minimum polysilicon gate lengths of 0 7 ^m. The 
preferred process settings were 80 seem CU, 55 seem 
HBr. 40 seem He. 270 mTorr pressure, and 0 62 W/cm2 
power density. Photo resist is used as the etch mask 
material over the polysilicon. The process relies on HBr 
to form the sidewall passivation layer on the polysilicon 
It is stated that the process avoids the creation of nega- 


tive sidewall slopes, notches, and feet in the polysilicon 
gates. 

Summary of the Invention 

In accordance with the present invention, a method 
for etching a semiconductor layer is described compris- 
ing reactive ion etching an exposed silicon layer through 
a patterned oxide layer at a pressure of less than 50 
/c mTorr in an atmosphere of HBr. CI2. He and O2 whereby 
sidewalls of the patterned silicon layer are oxidized dur- 
ing the step, terminating the step of reactive ion etching 
0I the silicon layer a predetermined distance above the 
oxide layer, removing substantially all CI2 from the 
15 atmosphere to provide an atmosphere of HBr. He and 
O2, and reactive ion etching the exposed silicon layer 
through the patterned oxide layer to the gate oxide layer 
at a pressure below 50 mTorr. The silicon layer may be 
a polysilicon gate electrode having partially thermal 
20 activated n and p-type dopants previously implanted. 
The oxide layer may be may be patterned with photore- 
sist but the photoresist is completely removed such as 
by O2 plasma ashing. Any residual oxide on the silicon 
formed during the step of removing the photoresist is 
25 also removed prior to beginning the above method 
Small silicon features may be formed using the above 
method with vertical sidewalls on a gate oxide layer 30 
A thick such as for a polysilicon gate having a gate 
length of 0.1 pm. a vertical sidewall with plus or minus 
30 50 A variation, for both p+ and n+ doped silicon regions. 
The invention provides for partially activating ions 
previously implanted in silicon prior to etching to obtain 
identical etch behavior for n-i- and p+ silicon. 

The invention further provides precise lithographic 
35 pattern transfer from a photoresist to an oxide layer by 
etching with CHF3 and Ar. 

The invention further provides perfectly vertical 
gate sidewalls even at sub 0.1 micron dimensions by 
partially activating ions previously implanted in silicon to 
40 redistribute them and by terminating the etching at a 
predetermined distance above the oxide layer and 
removing substantially all CI2 prior to etching the 
remaining silicon layer. 

The invention further provides use of thin gate 
45 oxides (less than 30 A as an etch stop by the step of ter- 
minating the etching at a predetermined distance above 
the oxide layer and removing substantially all CI2 prior to 
etching the remaining silicon layer 

The invention further provides control of black sili- 
5c con (from contamination) and "silicon grass" by elimi- 
nating sources of gaseous C and N dunng etching such 
as from resist, nitride masks or NF3 

The invention further provides new gas mixture dur- 
ing etching by first providing an atmosphere of HBr. Clo. 
55 He and then an atmosphere of HBr. He and O2. 

The invention further provides a low pressure 
atmosphere during etching of less than 50 mTorr and 
preferably 10 mTorr to increase the mean free path of 
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the ions and hence, the vertical direction of impact cf 
the ions on the work piece 

The invention further provides for a low bias voltage 
during reactive ion etching in the range from about 50 to 
about 100 yolts to a^oid ion damage of the gate oxide r 
layer which may be 30 A thick 

The invention further provides tor no applied mag- 
netic field aunng etching or a field below 40 gauss or a 
very uniform magnate field to avoid uneven etching and 
to prevent damage to the gate oxide layer which may be ^ 
30 A thick. 

Brief Descnption of the Drawing 

These and othei featufeb objects, and advantages 
of the piesent invention will become appatent upon con- 
sideration of the following detailed descnpt on of the 
invention when read in conjunction with the drawing in 
which 

Figs 1-5 are cross section views showing a work- 
piece after completion of respective steps of a 
sequence of steps for simultaneously etching n and 
p plus polysilicon gates for CMOS field effect tran- 
sistors 25 

Fig 6 shows p+ polysilicon etch results using the 
inventive method without thermal activation of ion 
implanted p-type dopants. 

Fig 7 shows n+ polysilicon etch results using the 
inventive method without thermal activation of ion 
implanted n dopants 

Fig 8 shows p+ polysilicon etch results using the 
inventive method with thermal activation of ion 
implanted p dopants, and 

Fig 9 shows n+ polysilicon etch results using the 
inventive method with thermal activation of ion 4c 
implanted n-dopants 

Fig 10 shows p+ polysilicon etch lesults using the 
inventive method without thermal activation of ion 
implanted p dopants 

Fig 11 shows n+ polysilicon etch results using the 
inventive method without thermal activation of ion 
implanted n dopants 

Figs 12-17 show traces taken from the SEM 

images of Figures 6-11 respectively, showing the 
outline of the polysilicon gate and its sidewalls 

Description of the Preferred Embodiments ^5 

Referring to the drawing and in particular Figs 1 
and 2. a cross section view of workpiece 10 is shown for 
faoncating polysilicon gates 12 and 14 shown in Fig 5 
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A substrate 21 which may be for example single crystal 
semiconductor, oolysilicon. amorphous silicon, semi- 
conductor-on-insulator (SOI) silicon germanium, or 
reflective metal silicides such as titanium silicide, 
molydenium silicide. tungsten silicide and tantalum sili- 
cide A dielectric layer 22 suitable as an insulator for a 
field effect transistor is formed over substrate 21 Whe^-e 
substrate 21 is silicon, dielectric layer 22 may be a ther- 
mally grown 3 nm silicon dioxide gate layer A blanket 
layer 150 nm thick may be formed by Low Pressure 
Chemical Vapor Deposition (LPCVD) over dielectric 
iayei 22 to provide an intrinsic polysilicon layer 23 Poly- 
silicon layer 23 is then subjected to two iterations of pat- 
terned photoresist 24 and 25 in Figs 1 and 2 
respectively Polysilicon layer 23 could be replaced with 
Silicon, silicon germanium, and amorphous silicon 

Patterned photoresist 24 provides isolated regions 
or openings 27 for ion implantation of n-»- (phosphorus) 
dopants into regions 28 In polysilicon layer 23 as shown 
in Fig 1 Then, patterned photoresist 25 provides iso- 
lated regions or openings 29 for ion implantation of p-t- 
(boron) dopants into regions 30 in polysilicon layer 23 
as shown m Fig 2 

Following each ion implantation step, the patterned 
photoresist 24 and 25 respectively is stripped off polysil- 
icon layer 23 in an oxygen plasma asher. emersed in a 
hot sulfuric/nitric acid mixture, rinsed in deionized (Dl) 
water, and spin-dried. The process steps continue with 
the blanket deposition of a 50 nm thick low temperature 
oxide (LTO) to form oxide layer 37 as shown in Fig 3 

Subsequently, the top side 38 of wafer 41 e g LTO 
layer 37 is protected by a layer 40 of photoresist (not 
shown) while all accumulated process coatings (not 
shown) are stripped from the backside 42 of the wafer 
41, 

Next, layer 40 of photoresist on the top side 38 is 
removed using the oxygen plasma asher sequence 
described above Then the dopants in regions 28 and 
30 are homogenized across the thickness of the poly- 
crystalline layer 23 as shown by n-i- region 44 arxl p+ 
region 45 respectively in Fig 3 Regions 28 and 30 are 
homogenized to form regions 44 and 45 by partial ther- 
mal activation entailing eithei a rapid thermal piocess 
anneal (RTP) foi 5 seconds in argon at 900 or a 30 
minute furnace anneal at 750 C 

Next, an e-beam or x-ray lithographic mask 50 is 
used to define a 0 1 '~m long gate pattern on LTO layer 
37 This pattern is then transferred into LTO layer 37 
using reactive ion etching to form LTO oxide mask 52 as 
shown in Fig 4 The etch is earned out in a gas ambient 
of 30 seem of CHF3 mixed with 60 seem of Ar at a power 
of 200 W (1 6 W/cm^) and a pressure of 10 mTorr A 20 
% overetch is employed as determined by laser end 
point detection The reactive ion etching was specifi- 
cally designed to operate at a low pressure of about 10 
mTorr to cut down on ion scattering m order to produce 
a reduction in the lateral etch component of the LTO 
oxide mask 52 The power was chosen to produce a 
small self-bias voltage, while maintaining an acceptable 
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oxide etch rate, in order to avoid the possibility of charge 
accumulation damage to the underlying gate oxide 
which IS dielectric layer 22. Along this same line of rea- 
soning, the dynamic magnetic field option available with 
the etch tool was kept off or disabled to provide mag- 
netic field in the range from 0 to 40 gauss. It was 
believed that the magnetic field gradients would 
increase the possibility of charge damage to the gate 
oxide which is dielectric layer 22. 

Next, lithographic mask 50 is stripped away using 
the oxygen plasma asher sequence described above for 
removing patterned photoresist 24 and 25. Finally, n+ 
region 44 and p+ region 45 are formed into polysilicon 
gates 12 and 14 by reactive ion etching polysilicon layer 
23 as shown in fig. 5. 

A three step, two chamber etch procedure is 
required to complete this portion of the process. 

First in a first chamber, a 10 second exposure to a 
CF4 plasma at 100 W (0.8 W/cm^) and 10 mTorr is 
employed to remove any surface oxide that may have 
formed on polysilicon layer 23 during the immediately 
preceding step of stripping lithographic mask 50. The 
wafer 41 is then transferred to a second chamber, with- 
out breaking vacuum, to a dedicated silicon etching 
chamber that is free of photoresist contamination i.e 
lithographic mask 50 contamination. All but 20 nm of 
polysilicon layer 23 is initially etched at a fast rate in a 
gas mix or atmosphere of 45 seem HBr, 15 scorn CI2. 
and 3 seem of a 70% He and 307o Oo mix at a power of 
200 W (power density = 1 .5 \Nlcnr) and a pressure of 
10 mTorr. The pressure may be in the range from about 
1 to about 50 mTorr and preferably from about 1 to 
about 15 mTorr. As the etch proceeds a thin oxide layer 
56 forms on gate sidewalls 57-60 by plasma anodiza- 
tion. 

In the second step, CI2 is completely eliminated 
from the gas mix to provide a high selectivity in a subse- 
quent etch to silicon without etching dielectric layer 22 
which here is a gate oxide. In the step of removing CI2. 
the partial pressure of C12 should be reduced to less 
than about 10^ Torr 

In the third step, a final low power, low pressure, 
highly selective silicon to silicon dioxide etch is per- 
formed with a gas ambient of 45 seem HBr and 3 seem 
of 70% He and 30% O2 at a power of 50 watts (power 
density -h 0.4 W/cm^) and a pressure of 10 mTorr. The 
pressure may be in the range from about 1 to about 50 
mTorr and preferably from about 1 to about 15 mTorr 
Typically an overetch time of 50% was employed based 
on the time for the final etch step to reach the gate 
oxide dielectric layer 22 as observed by laser endpoint 
However. RIE etch times as long as 200% on the 3 nm 
gate oxide is possible without any evidence of punch- 
through. 

Of the three steps, it should be noted that the two 

silicon etch steps steps 1 and 3. both used the previ- 
ously explained mask etch philosophy of low pressure, 
low power density and no magnetic field enhancement 
in the first or second chambers. It was also found that 


eliminating the magnetic field unexpectedly improved 
the etch uniformity in the silicon etch chamber, the sec- 
ond chamber. 

A fourth step in the gate etch process of the inven- 
5 tion IS a brief dip in dilute HF to remove any possible 
residue of oxide layer 56 from gate sidewalls 57-60, 

As MOS and CMOS gate manufacturing dimen- 
sions shrink to 0.1 dimensions and beyond, the 
reactive ion etching process described herein provides 
iG an acceptable manufacturing process. 

From circuit considerations, there will be tight 
dimensional control of n and p channel FETs gate 
lengths, especially gate lengths of 0 1 um which 
requires the lateral etch of the gate to be less than +/- 
15 5nm The words "lateral etch of the gate to be less than 
+/-5 nm" is defined to mean that with respect to each 
sidewall there may be a +/-5 nm deviation from the aver- 
age sidewall position. Thus for the polysilicon gate the 
width may vary from an average width of W-l 0 nm. This 
PC requirement places stringent etch demands on both the 
gate oxide mask and the underlying polysilicon etch 
process to form the gate. In particular, the key to a via- 
ble gate etch process is the ability to create an 
extremely thin and hard (resists reactive ion etching) 
25 passivating layer 56 on gate sidewalls 57-60 to ensure 
substantially vertical etch profiles for both n-i- and p+ 
polysilicon gates for example gates 12 and 14 shown in 
Fig. 5. The successful development of oxide layer 56 on 
polysilicon gate sidewalls provides for extending the sil- 
30 icon gate etch process technology described herein far 
below 0. 1 Mm dimensions or feature size. 

Moreover, there is a silicon etch dependence on the 
silicon dopant specie and concentration which has been 
addressed. Doping effects are responsible for an etch 
35 bias or etch rate difference in n+ silicon over p+ silicon 
In point of fact, the etch effect produces a 30% etch bias 
at 0 1 pm gate dimensions using state-of the-art meth- 
ods. It IS customary to eliminate the etch bias by 
employing an overetch on the gate oxide etch stop layer. 
40 Unfortunately, with reduction from the current 9 nm gate 
oxide thickness required for 0.35 ^im gate lengths down 
to a 3 nm gate oxide for a 0.1 -m gate length dimen- 
sion, risk of punching through the 3 nm gate oxide at the 
base of the faster etching n+ gates is high before 
45 acceptably narrowing the p+ polysilicon gate lengths by 
over etching. 

Further, as wafer size increases from 200 mm (8 
inches) to 300 mm (12 inches), the across wafer etch 
uniformity will probably be worse. Under such condi- 
50 tions it will be necessary to compensate for the addi- 
tional nonuniformity by employing a more sustained 
overetch at the conclusion of the gate etch process, 
even though as it has just been noted above, the new 
CMOS device technology actually requires a reduction 
55 in gate oxide thickness from 9 nm to 3 nm for optimal 
speed and power supply voltage 

With critical dimensions continuing to decrease, 
device yield will likely also decrease. In order to avoid 
further yield loss, it is desirable to provide etch proc- 
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esses that are no: prone to contamination, such as fron 
a polymeric layer created from photoresist mask ero- 
sion during RIE processing A silicon dioxide mask cf 
otner inorganic dielectric mask material is required to 
etch the poiysilicon layer to form the po'ysihccn gates cf r 
CMCS logic 

Figs 6 and 7 show a scanning electron mici DSCOpe 
(SEM) cross secton view of a pcysilicon gate using the 
etching process described herein Fig 6 shows a 0 1 
urn p+ poiysilicon gate 64 without therma* activation of 
the dopant ions '^ig 7 shows a 0 l --m n+ pol /silicon 
gate 65 without thermal activation ot the dopant ions 

Figs 8 and 9 correspond to Figs 6 and 7 except the 
step of etching followed a 5 minute anneal at 900 C 
Fi^j 8 shows a 0 1 urri pi- ydle 66 with thermal activation 
of ion implanted p dopants Fig 9 sfiows a 0 1 um n+ 
poiysilicon gate 67 with thermal activation of ion 
implanted n dopants 

Figs 10 and 11 show a scanning electron micro- 
scope (SEM) cross section view of a poiysilicon gate 
using the etching process described herein Fig 10 
shows a 0 04 um p+ poiysilicon gate 70 without thermal 
activation of the dopant ions in the poiysilicon Fig 1 1 
shows a 0 04 um n+ poiysilicon gate 71 without thermal 
activation of the dopant ions in the poiysilicon :-f 

In Figs 6-11 addition white areas appear outside 
the sidewails of the poiysilicon gate due to space 
change formed during operation of the SEM However, 
the cross section views of Figures 6-1 1 show that the 
gate lengths for p+ and n+ poiysilicon gates undergoing 
simultaneous etching have about equal gate lengths 
Figs 6 and 7, 8 and 9. and 10 and 1 1 underwent simul- 
taneous etching respectively 

In Figs 6-1 1 . the gate length is defined as the width 
of the poiysilicon at the interface with the gate oxide 
layer In Figs 6-S, the gate length as measured from a 
trace taken from the SEM images is 120 nm In Figs 6- 
K . the poiysilicon gate height is 1500 A A layer of oxide 
on too of the poiysilicon gate was originally 50 nm prior 
to RIE After RIE the layer of oxioe on top of the polysii- 
icon gate is about 30 nm. In Figs lO anc 11. the gate 
length as measured from a trace taken from the SEM 
images is 72 5 nm 

In Figs 6-11. the actual sidewall positions of the 
poiysilicon gate are nominally located in the middle cf 
the intense white area of the SEM images 

Figs 12 17 show traces taken frcm the SEM 
images of Figures 6 11. respectively, showing tne out 
line of the poiysilicon gate and its sidewails 

While there has been described and illustrated a r. 
process for etching silicon poiysilicon, amorphous sili- 
con or Silicon germanium by reactive ion etcning tn 
obtain accurate pattern transfer arxi vertical sidewails 
such as for poiysilicon gates of CMOS fieid effect tran- 
sistois. It will be apparent to those skilled m tne art that 5-= 
modifications and variations are possible without deviat- 
ing from the broad scope of the invention which shall be 
limited solely by the scope of the ciaims appended 
hereto 


Claims 

1. A metnod for forming vertical sidewails from a sili- 
con layer composing the steps of 

first reactive ion etching the exposed silicon layer 
through a patterned oxide layer at a pressure of 
less than 50 mToir in an atmospnere of HBr. CI-, 
and whereby sidewails of the patterned silicon 
layer are oxidized during said step, 
terminating said step of ^irst reactive ion etching of 
said silicon layer a predetermined distance above 
said gate oxide layer, 

removing substantially all CI2 fiom said atmos- 
phere, and 

second leactive ion etching the exposed silicon 
layei tnrough said pattei ned oxide layer to said gate 
oxide layer at a pressure below 50 mTorr 

2. The method of claim 1 , wherein said step of termi- 
nating includes the step of terminating first reactive 
ion etching 20 to 30 nm above said gate oxide layer 

3. The method of claim i , wherein said step of second 
reactive ion etching includes the step of providing a 
very low power density plasma in the range from 
0 3 W.'cm- to 10 W/cm^ 

4. The method of claim i . wherein said step of secorxi 
reactive ion etching includes the step of providing 
an atmosphere of HBr arxi O- flowing through the 
plasma chamber 

5. The method of claim i . wherein said step of second 
reactive ion etching includes the step of continuing 
to etch said silicon layer and the lower portions of 
said sidewails to form vertical sidewails down to 
said oxide layer 

6- The method of claim 1. further including the steps 
of first forming a blanket poiysilicon layer over said 
gate oxide layer, 

implanting ions into said poiysilicon layer, 

forming an oxide layer to functior^ as a mask over 

said poiysilicon layer. 

activating by partial therma: activation and redistri- 
bution of the implanted ions in said poiysilicon layer, 
coating said mask oxide layer with resist, 
lithographically patterning said mask oxide layer, 
etching the mask oxide layer to form a patterned 
oxide layer, 

removing said patterned resist. 

removing residual oxide iioni saic! poiysilicon layer 

exposed ny said patterned oxide and formed during 

said step of removing said resist, anc 

controlling the ambient atmosphere after said step 

of removing to orevent oxidation of said poiysilicon 

layer 
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The method of claim 1 wherein said second reac- 
tive ion etching step includes the step of providing 
an atmosphere including HBr and O2 

The method of claim 1 wherein said second reac- 
tive ion etching step includes the step of providing 
an atmosphere including HBr. He and O2 

The method of claim 1 wherein said first reactive 
etching step includes providing a magnetic field in 
the range from 0 to 40 gauss. 

0 The method of claim 1 wherein said first reactive 
ion etching step includes the step of providing a 
pressure in the range from 1 to 15 mTorr. 

1 The method of claim 1 wherein said second reac- 
tive ion etching step includes the step of providing a 
pressure in the range from 1 to 15 mTorr. 

2. The method of claim 1 wherein said first reactive 
ion etching step includes the step of supplying He 
to said atmosphere. 

13 The method of claim 1 further including the step of 
" selecting a silicon layer from a group consisting of 

single crystal silicon, polysilicon. amporphous sili- 
con and silicon germanium alloy. 

14 The method of claim 1 further including the step of 
removing any surface oxide that may have formed 
on an exposed silicon layer prior to said step of first 
reactive ion etching 

15. The method of claim 14 further including the steps 
' of placing said silicon layer in a first chamber, reac- 
tive ion etching with a CF4 plasma and transferring 
said silicon layer to a second chamber under a con- 
trolled atmosphere and pressure. 
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RUN 2610 STKEXP1-8 p+ 
900c/5min 



072211 25KV Xl56l<'6.26um 

FIG. 8 
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RUN 261a STKD(P1-8 n+ 
900c/5min 



072207 25KV XISOK 6.20um 


FIG. 9 


RUN 259 10lh-GATt-09-p+ 



072111 25KV XiSOk 0.20um 


FIG. 10 



,072102 25KV XlS6k'6!26um 

FIG. 11 
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FIG. 12 
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(54) Silicon etching method 

(57) A method for etching silicon is described incoi- 
porating first and second steps of reactive ion etching 
through a oatterned oxide layer in respective atmos- 
pheres of HBr CI- and and then HBr arxJ O- in situ 
by terminating the first etching step and removing sub- 
stantially all Ci- before continuing with the second step 
of etching. The invention overcomes the problem cf 
uneven etching of n+ and p+ silicon gates for CMOS 
transistor logic during the step cf simultaneously etch- 
ing Silicon to form sub 0 25 micron gate lengths and vei- 
tical sidewalls while stopping on the gate oxioe 
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